Introduction
Amyloid-β (Aβ) plaques, together with tau neurofibrillary tangles (NFT), are the neuropathological hallmarks of Alzheimer's Disease (AD) (Querfurth and Laferla, 2010) . Aβ accumulation has been considered the initiating toxic event in AD, as posited by the amyloid cascade hypothesis (Hardy and Higgins, 1992) . However, the relationships between amyloid accumulation, neurodegeneration and clinical decline are not straightforward (Chételat, 2013; Giacobini and Gold, 2013; Jack and Holtzman, 2013; Herrup, 2015) . Significant levels of amyloid accumulation are found in approximately 30% of normal older individuals without evidence of clinically apparent cognitive decline (Jansen et al., 2015) . Clinicopathological studies have revealed only modest correlations between Aβ accumulation, neurodegeneration and clinical state Murray et al., 2015; Jagust, 2016) . Aβ reduction has thus far not yielded clear-cut significant clinical benefit in therapeutic trials in mild-to-moderate AD dementia (Doody et al., 2014; Salloway et al., 2014; Sevigny et al., 2016) .
Conversely, the distribution and burden of NFTs shows a much tighter association with neurodegeneration and clinical status Spires-Jones and Hyman, 2014; Murray et al., 2015) . Recent advances in Positron Emission Tomography (PET) have led to the synthesis of radioligands with high affinity to the paired helical filament (PHF) tau aggregates seen in AD Okamura et al., 2016) . First reports on in vivo tau-PET imaging show significant relationships between tau ligand uptake and neurodegeneration across the continuum from pre-clinical AD to dementia (Ossenkoppele et al., 2015b; Brier et al., 2016; Chiotis et al., 2016; Johnson et al., 2016; Ossenkoppele et al., 2016; Schöll et al., 2016; Sepulcre et al., 2016; Cho et al., 2016a Cho et al., , 2016b Bischof et al., 2016; Xia et al., 2017; Hanseeuw et al., 2017) .
Neuropathology studies have shown that amyloid and tau accumulation follow distinct topographic patterns of early accumulation and progression across the AD continuum from preclinical disease to advanced dementia (Braak and Braak, 1991; Braak et al., 2006; Brettschneider et al., 2015) , and these are used to stage AD neuropathological changes (Hyman et al., 2012; Montine et al., 2012) . Amyloid aggregation begins in isocortical association areas and spreads inwardly to allocortex, limbic regions, and then brainstem and cerebellum. NFTs accumulate first in the entorhinal/transentorhinal cortex, before propagating into hippocampal regions and lateral temporal cortex followed by additional association cortices and finally primary unimodal cortices (Braak and Braak, 1991; Braak et al., 2006) . While the interactions between Aβ and tau are incompletely understood, studies in both older healthy controls and symptomatic AD patients have found that tau extends to widespread neocortical areas primarily in subjects carrying a significant amyloid burden (Musiek and Holtzman, 2015; Johnson et al., 2016; Schöll et al., 2016; Lockhart et al., 2017; Pontecorvo et al., 2017; Hanseeuw et al., 2017; Vemuri et al., 2017) .
This growing body of evidence depicts a synergistic but complex relationship between tau, β-amyloid and neurodegeneration. While there is considerable evidence supporting a promoting effect of amyloid accumulation on the spreading of neurofibrillary tau tangles outside the medial temporal lobe, the molecular basis of this influence remain elusive. In vitro and animal studies have shown that amyloid aggregates may promote seeding and spreading of tau aggregates (Bolmont et al., 2007; Vasconcelos et al., 2016; Duyckaerts et al., 2015; Musiek and Holtzman, 2015) . Previous in vivo studies, however, have repeatedly shown that loci of significant amyloid accumulation do not necessarily bear significant tau pathology and vice-versa Cho et al., 2016a) , highlighting the need for further research to uncover the molecular links between Aβ and tau. A better understanding of these relationships in the human brain could provide critical insight into disease mechanisms and help tailor therapeutic approaches. Multimodal neuroimaging investigations combining MRI and molecular imaging with PET allow for an in vivo exploration of these relationships at the whole-brain level. Previous studies investigating these relationships have focused on the pre-clinical or prodromal stages of AD Brier et al., 2016) rather than the fully symptomatic dementia stage, though biomarker associations are expected to be dynamic and evolve as the disease progresses . Here we applied voxel-based Biological Parametric Mapping (BPM) and Region-Of-Interest (ROI) analyses to assess local and distant relationships between Aβ, tau and neurodegeneration. Building on previous literature, we hypothesized that (i) presence of β-amyloid and tau would be related but show distinct spatial patterns, (ii) the topography of gray matter volume (GMV) reduction would more closely match tau accumulation than β-amyloid deposition, and (iii) β-amyloid ligand uptake would show the highest intra-modality correlations across cortical regions, whereas tau ligand binding and brain GMV reduction would show more restricted, regionally specific, intra-modality correlations.
Materials and methods

Participants
30 patients (mean age 62.4 ± 8.3 years, N = 18 females) with clinically probable AD dementia were included in the study. All were recruited from the University of California, San Francisco Memory and Aging Center (UCSF MAC). Consensus clinical diagnosis was established during a multidisciplinary conference attended by neurologists, neuropsychologists, and nurses after interviews with the patient and carepartner, neurological and neuropsychological evaluations. All patients met criteria for probable Alzheimer's Disease dementia established by the National Institute of Aging -Alzheimer's Association (McKhann et al., 2011) . Nine patients met additional criteria for posterior cortical atrophy (PCA) (Mendez et al., 2002) and 7 for logopenic-variant of Primary Progressive Aphasia (lvPPA) (Gorno-Tempini et al., 2011) , both recognized as atypical clinical variants of AD under current criteria (McKhann et al., 2011; Dubois et al., 2014) . All patients were 11 CPiB-positive based on both visual interpretations of elevated binding in neocortex and quantitative assessment (global 11 C-PiB Distribution Volume Ratio (DVR) > 1.20) (Villeneuve et al., 2015) . All the multimodal correlation analyses in the present study were run on a pooled group including all patients. Biomarker patterns in individual AD variants have been previously described by our group and others Dronse et al., 2017) . A group of 12 healthy controls (HC, mean age 77.3 ± 6.8, N = 8 females) was recruited from the Berkeley Aging Cohort . These participants also underwent 3T structural MRI, 11 C-PiB-PET and 18 F-AV1451-PET scans. All controls included in this study were amyloid-negative based on a quantitative 11 C-PiB-PET threshold validated versus post-mortem findings (global 11 C-PiB DVR < 1.08) (Villeneuve et al., 2015) . The HC group was included in order to: (i) assess group-level differences in GMV and 11 C-PiB-and 18 F-AV1451-PET (AD patients vs. HC), and (ii) to generate both single-subject z-maps and regional z-scores used for multimodal correlations within the AD group (see below).
Informed consent was obtained from all subjects or their assigned surrogate decision-makers, and UCSF, University of California Berkeley, and the Lawrence Berkeley National Laboratory (LBNL) institutional review boards for human research approved the study.
Image acquisition
MRI
Patient MRIs were performed at the UCSF Neuroimaging Center and control MRIs were performed at UC Berkeley. All scans were obtained on 3-Tesla Siemens Tim Trio scanners using a T1-weighted volumetric magnetization prepared rapid gradient echo (MPRAGE) sequence (TR: 2300 ms, TE: 2.98 ms, TI: 900 ms, flip angle: 9°) and reconstructed as a 160 × 240 × 256 matrix with 1 mm 3 spatial resolution.
PET
PET scans were performed at Lawrence Berkeley National Laboratory on a Siemens Biograph 6 Truepoint PET/CT scanner in 3D acquisition mode with a low-dose CT/transmission scan preformed prior to each scan for attenuation correction. Both 11 C-PiB and 18 F-AV1451 were synthesized at Lawrence Berkeley National Laboratory Biomedical Isotope Facility as previously described . For 11 C-PiB, a 90-minute scan was acquired immediately following intravenous injection of~15 mCi of tracer. For 18 F-AV1451,~10 mCi of tracer was injected intravenously and one of two acquisition parameters was followed: either 0-100 min (12 patients, 7 controls) or 75-115 min (18 patients, 5 controls). Scans were reconstructed as previously described .
2.3. Image pre-processing 2.3.1. MRI pre-processing MPRAGE sequences were segmented and regions of interest (ROIs) were defined in participant native space using Freesurfer 5.1 (Desikan et al., 2006) . Freesurfer-derived cortical ROIs were combined to create metaROIs, while the cerebellar gray matter ROI was used to normalize PET scan intensity across subjects (see below).
PET pre-processing
PET images were coregistered to the patient's MPRAGE using Statistical Parametric Mapping (SPM) version 8 (Wellcome Trust Centre for Neuroimaging). Dynamic 90-minute 11 C-PiB scans were analyzed applying Logan graphical analysis (35-90 minute post-injection) with cerebellar gray matter (derived from Freesurfer segmentation) as the reference region (Logan et al., 1996) .
18
F-AV1451 standard uptake value ratios (SUVRs) were created using the cerebellar gray matter reference region to normalize mean activity from 80 to 100 minute post-injection based on previous validation using kinetic modeling approaches .
When examining relationships between β-amyloid and tau, PET images were also corrected for partial volume effects using the 3-compartment partial volume correction (PVC) method (Müller-Gärtner et al., 1992) to adjust for potential contamination of gray matter regions with PET signal from white matter or CSF spaces. Gray matter, white matter and CSF probabilities used for PVC were derived from MRI segmentation in SPM. PET images were not PVC-corrected when testing the relationship between each tracer and brain GMV reduction due to the risk of artificially introducing dependency between the measurements and thus generating false positives.
Voxel-wise image creation
For voxel-wise analyses in template space, MPRAGE images were segmented into gray matter, white matter, and cerebrospinal fluid (CSF) probability masks using the Segment tool in SPM12. Diffeomorphic Anatomical Registration Through Exponentiated Lie algebra (DARTEL) was used to create a study-specific template (including both patients and HC) by aligning and normalizing the gray matter probability images to a common space (the DARTEL template) using individual flow fields for each image. Images were then spatially warped to Montreal Neurological Institute (MNI) space and smoothed by a 9.9 mm full width at half maximum (FWHM) isotropic Gaussian kernel to create final gray matter probability (GMP) maps matching the PET scans resolution. These GMP images were then divided by the total intracranial volume to obtain Gray Matter Volume (GMV) maps.
Both the PVC and the non-PVC PET images were spatially warped to MNI space (2 mm 3 resolution) using the individual flow fields created during MRI processing. These images were then smoothed by a 7.6 × 7.6 × 6.9 mm FWHM kernel to obtain a final resolution of 10 mm FWHM. A gray matter mask was created by warping the gray matter segmentation for the DARTEL template to MNI space and binarizing the image to only include voxels that had at least a 30% gray matter probability. A further step was performed to exclude subcortical structures (basal ganglia, thalamus, cerebellum and brainstem) from the mask, to avoid inclusion of regions that show off-target 18 F-AV1451
binding likely unrelated to tau (Lowe et al., 2016) . Finally, singlesubject z-score maps were created for each modality (MRI, 11 C-PiB-PET and 18 F-AV1451-PET) using the mean and standard deviation from the HC scans. Though HC were on average older than AD patients, only Aβ negative HC were included to minimize the potential impact of preclinical AD on the distribution of HC MRI and PET measures. The single-subject z-maps were used for all the subsequent multimodal analyses. ) by covering all cortical and limbic regions, in contrast to the large metaROIs that were created to provide summary metrics for the individual biomarkers.
Gray matter volume reduction and protein accumulation at the voxellevel
The presence and extent of GMV reduction (GMR), Aβ ( 11 C-PiB-DVR) and NFT ( 18 F-AV1451-SUVR) accumulation was tested by means of separate two-sample t-test (all patients vs. HC) implemented in SPM12, entering age and sex as nuisance covariates. For PET tracers, significance was set at p < 0.05, Family-Wise Error (FWE) corrected, with a minimum cluster extent of k = 100 voxels. For GMR, the statistical threshold was set at p < 0.0001 (uncorrected for multiple comparisons), entering age and sex as nuisance variables. Multiple comparisons correction was not applied for MRI, considering the mild AD stage of the cohort, to allow adequate visualization of the GMR distribution while still setting a reasonably stringent statistical threshold. The FWE-corrected results are available in Supplementary file 2.
To evaluate at the voxel-level the local relationships between GMR, β-amyloid and tau accumulation within the patients group, we adopted a multivariate approach using Biological Parametric Mapping (BPM) (Casanova et al., 2007) , a MATLAB toolbox integrated within SPM. The BPM approach employs the General Linear Model (GLM) and allows testing of voxel-level multiple regressions (or other designs) entering both imaging modalities and non-imaging variables in the analysis as either covariates or as variables of interest. In the present study, we entered the single-subject z-score maps of each modality for each patient into the BPM analysis adopting a multiple regression model and controlling for the presence of outliers (bi-square robust regression) (Yang et al., 2011) . The explicit mask resulting from the DARTEL pipeline (see above) was used to constrain the analysis to cortical gray matter.
To evaluate the relationships between the three imaging modalities, we tested the following models:
1. GMV z-maps explained by 18 F-AV1451 SUVR z-maps, controlling for age, sex and 11 C-PiB DVR z-maps as imaging covariates. The same design was repeated substituting global cortical 11 C-PiB DVR (calculated as the average of weighted mean values from Freesurferderived regions of interest in frontal, parietal, temporal, and posterior cingulate cortex) F-AV1451 PVC SUVR z-maps explained by 11 C-PiB PVC DVR zmaps, controlling for age and sex.
Significance for BPM was set at p < 0.01, False Discovery Rate (FDR) corrected with a minimum cluster extent of k = 100 voxels. Results were also displayed at more liberal thresholds, i.e. p < 0.001 and p < 0.01 uncorrected. These uncorrected thresholds were selected to assess underlying trends of correlation and for visualization purposes.
Gray matter volume reduction and protein accumulation at the ROIlevel
GMR and protein accumulation were evaluated using Freesurferextracted metaROIs described above. ROI-based analyses were adopted to investigate long-distance regional relationships between modalities. This allows us to examine whether, for instance, protein aggregation in one region may promote neurodegeneration in a distant, but connected, second region. Indeed, the same approach was applied to amyloid-tau relationships, following evidence for possible long-distance dynamic interactions between the two proteinopathies Brier et al., 2016) . The ROI approach also allows us to investigate local multimodal relationships in pre-defined anatomic regions in native space, providing corroborative evidence for the voxel-based associations found in template space with BPM. At the ROI-level, a complementary partial correlation approach was adopted to test the pairwise relationships between modalities. To maintain consistency between voxel-and ROI-level analyses, z-scores for each subregion were calculated and subsequently used for the partial correlation analyses which were run only within the AD patient group. Partial nonparametric Spearman coefficients were estimated among all the pairwise combinations of regional biomarkers. Age and sex were entered as confounding variables. For the model in which GMV z-scores were explained by 18 F-AV1451 SUVR z-scores, global 11 C-PiB DVR was included as covariate to mirror the voxel-based BPM approach. The resulting correlation matrices were then thresholded to keep only correlation coefficients significant at p < 0.001. For between-modality regional associations, both direction (within-or between-lobes) and correlation type (positive vs. negative) were considered. The number of significant inter-regional correlations and the average strength of the regional associations were estimated to evaluate intra-modality correlations across the three imaging measures.
Statistical analysis
Statistical analyses were implemented with RStudio software (R version 3.2.3 for MAC, https://www.r-project.org/). Normality of continuous variables distribution was assessed with a Shapiro-Wilk normality test. When variables met normality distribution, a Welch's ttest (variant of Student's t-test for samples with unequal size and variance) was adopted to run group comparisons. In cases of non-normality, Wilcoxon rank sum test was adopted as a non-parametric alternative. For subgroup-level statistics, ANalysis Of VAriance (ANOVA) was preferred in case of normality whereas Kruskal-Wallis test was used as a non-parametric alternative when needed. A Fisher's exact test was adopted when evaluating associations among discrete variables and groups. p-Values are shown for each analysis. ROI level partial correlation analyses were run with R software and the ppcor package (Kim, 2015) , using a Spearman coefficient.
Visualization
All figures were created with BrainNet software (version 1.43 [Xia et al., 2013] ). In Fig. 1 the thresholded SPM-t maps were overlaid on an ICBM152 surface template provided within the software. The ranges of the color scale were relative to minimum and maximum of each SPM-t map. In Figs. 2-3 the SPM-t maps for each model were first statistically thresholded as described and then binarized. Binarized thresholded SPM-t maps were combined in a single image and then overlaid on the same surface template. In Fig. 4 , Panels A-C represent inter-regional correlation visualization created with BrainNet. Each node represents a cortical region segmented within the Desikan Atlas (Desikan et al., 2006) by Freesurfer software. MNI coordinates were derived from centers-of-mass of the different regions within the Desikan Atlas in standard MNI space. When needed and only for the purpose of better visualization, the coordinates were slightly changed to minimize overlap among different regions and maximize clarity. In this figure, edges are directed (and are thus represented by arrows). The direction of the arrows represents a hypothetical causal direction, i.e. identifying respective dependent and explanatory variables, mirroring the structures of the voxel-based regression modeling at the ROI-level. Directionality is indicated based on a priori hypotheses and existing literature, but is shown only for visualization purposes, since all estimates were run with a partial correlation approach which does not assume directionality.
In Fig. 4 Panel D, the stacked barplot was created with RStudio software and ggplot2 package (Wickham, 2009 ). In Fig. 5 the upper panel represents correlation matrices created with RStudio software and the ggplot2 package (Wickham, 2009 ). Brain inter-regional correlation visualizations were created with the same settings and software described for Fig. 4 , except that the edges were not directed and were rendered with a single color.
Results
Demographics
The AD cohort was overall relatively young, composed of diverse phenotypes (as described above), and mildly impaired (mean MMSE 21.27 ± 6.18, CDR 0.73 ± 0.39, CDR SB 4.28 ± 2.03, 
Gray matter volume reduction and protein accumulation at the voxellevel
Compared to HC, AD patients showed extensive tau and Aβ tracer retention (p < 0.05 FWE-corrected, Fig. 1A-B) , with more spatially restricted reduction in GMV (p < 0.0001 uncorrected, Fig. 1C ). Bilateral temporal and inferior parietal areas, predominantly on the left, showed the most consistent overlap across modalities (Fig. 1) . Aβ was diffusely elevated across associative cortical regions, relatively sparing primary sensorimotor areas and peaking in medial parietal and lateral frontal regions (Fig. 1A) . Tau elevation was less diffuse, targeting mostly lateral temporal, inferior parietal, lateral occipital and lateral frontal regions (Fig. 1B) , relatively sparing sensorimotor areas as well. Neurodegeneration was limited (at p < 0.0001 uncorrected) to bilateral temporal and inferior parietal regions (L > R), slightly involving prefrontal cortices (Fig. 1C) . At the more conservative p < 0.05 FWEcorrected threshold, GMR was evident in inferior and middle temporal lateral areas, as well as in temporo-occipital, middle cingulate and precuneus regions, with a marked left hemisphere dominance (see Supplementary file 2).
Aβ and tau accumulation peaked in different regions but their distribution largely overlapped across the evaluated brain regions. Tau accumulation and GMR peaked in the same region, i.e. inferior parietal lobule (Fig. 1B-C) . However, GMR was more spatially restricted when compared to tau distribution, with this effect being particularly evident when applying the more conservative threshold to visualize GMR (see Supplementary file 2).
A significant local effect of tau accumulation on brain volume was revealed by the BPM analysis when taking age, sex and 11 C-PiB DVR zmaps into account. The effects were evident in medial, lateral and inferior occipital regions (p < 0.01 FDR-corrected) peaking in the right calcarine cortex (MNI coordinates 10,-90,6) and right lingual gyrus (MNI coordinates 6,-56,4). When adopting more liberal thresholds (p < 0.001 and p < 0.01 uncorrected), the effect was evident also in posterior cingulate (R > L), bilateral superior, middle and inferior occipital (R > L), left inferior temporal (L > R) and left dorsolateral prefrontal areas (L > R) (Fig. 2 , Table 2 ). This effect was essentially unchanged when either using 11 C-PiB DVR global cortical values as covariates or when not adding any Aβ information into the model (data not shown).
No significant local effects of Aβ accumulation on GMR were revealed by the BPM analysis when taking age, sex and 18 F-AV1451 SUVR z-maps into account. The results were not altered even at liberal statistical thresholds (p < 0.01 uncorrected) or when taking out the 18 F-AV1451 SUVR z-maps as an imaging covariate (data not shown). Neither tau nor Aβ showed significant (at p < 0.001 uncorrected) positive associations with GMV at the voxel-level.
A significant local effect of Aβ on tau accumulation, taking age and sex into account, was observed in right frontal, parietal and medial occipital regions (more extensively in precentral gyrus, paracentral lobule and cuneus), reaching lateral middle frontal and superior parietal regions (p < 0.01 FDR-corrected). This effect extended to basal occipital and medial frontal regions at more liberal statistical thresholds (p < 0.001 and p < 0.01 uncorrected for multiple comparisons) (see Fig. 3 , Table 2 ). There were no significant (p < 0.001 uncorrected) negative associations between tau and Aβ at the voxel-level.
Gray matter volume reduction and protein accumulation at the ROIlevel
Thirteen bilateral ROIs were generated by averaging the contralateral homotopic metaROIs (see Methods) and were considered for an overall summary of protein accumulation and GMV at the ROI-level. Aβ accumulation was the most prominently altered biomarker, being significantly elevated in all the evaluated regions. The peak of average 11 C-PiB DVR was in the precuneus (mean ± sd DVR 1.96 ± 0.20), followed by middle frontal gyrus (DVR 1.85 ± 0.23) and posterior cingulate (DVR 1.80 ± 0.17). Medial temporal lobe showed the lowest Aβ burden (DVR 1.15 ± 0.08) (Table 3) . Tau accumulation was also markedly elevated across cortex, though at a lower significance than Aβ. The peak average 18 F-AV1451 SUVR was in the inferior parietal lobule (mean ± sd SUVR 2.45 ± 0.56), followed by precuneus (SUVR 2.34 ± 0.52) and superior parietal lobule (SUVR 2.22 ± 0.55). Of the examined cortical ROIs, anterior cingulate cortex had the lowest tau burden (SUVR 1.39 ± 0.24) ( Table 3) .
Gray Matter Volumes showed the most restricted differences between patients and controls, being significant (p < 0.001 uncorrected) only in the inferior parietal lobule (mean ± sd GMV 0.023 ± 0.0031), bilaterally with a marked prominence in the left hemisphere. In addition, middle frontal gyrus, precuneus, lateral temporal and lateral occipital cortex showed significant GMR at more liberal statistical thresholds (p < 0.01) (Table 3) . Overall, peak tau accumulation co-localized with peak GMR in the inferior parietal lobule, while amyloid peaks were found in midline structures (e.g. precuneus and posterior cingulate) and lateral and medial prefrontal cortices, key hubs of the default mode network (Buckner et al., 2005) .
The ROI-based partial correlation approach showed results consistent with the voxel-based BPM analyses and provided additional information on long-distance relationships between protein accumulation and GMR. The only significant (p < 0.001) local (intraregional) effects were found for tau accumulation on GMV in the right lingual gyrus (partial r = −0.66, p=0.0002). A resampling analysis was performed to test the dependence of this effect on either the specific composition of our sample or on outliers. Particularly given the heterogeneous AD phenotypes included in our sample, and the known relationships between clinical presentation and regional patterns of GMR and 18 F-AV1451 in AD (Ossenkoppele et al., 2015a; Ridgway et al., 2012; Ossenkoppele et al., 2016; Dronse et al., 2017; Xia et al., 2017) , we wanted to ensure that results were not driven by any specific sub-group of AD patients. To this purpose, a partial correlation coefficient and the relative p-value were estimated for all the possible combinations of N = 26/30 patients (i.e. leave-four-out approach), resulting in 27,405 iterations. All the iterations (100%) resulted in a negative Spearman coefficient (mean ± sd partial r = −0.65 ± 0.05, range − 0.44 to − 0.84), supporting the overall negative effect of tau burden on GMV in this region in our cohort. All p-values were less than p < 0.05, with the majority being less than p < 0.001 (63% or 17,300 of the iterations). Furthermore, we continued to see a statistical trend (rho = −0.426, p=0.0776) after removing all patients with PCA (which is associated with greater occipital GMR and 18 F-AV1451 binding compared to other AD variants), despite the significant loss of power associated with reducing our sample size.
It must be noted, however, that given the number of pairwise correlations tests included in the ROI-based analyses (N = 5184), the local effect of tau accumulation on GMR in the right lingual gyrus did not survive Bonferroni multiple comparisons correction. Therefore, the same correlation models were estimated using the bilateral metaROIs in order to reduce the number of correlations estimated (N = 169, see Supplementary file 3). At the metaROI level, inter-modal local correlations confirmed the significant negative correlation between 18 F-AV1451 retention and GMR in the medial occipital lobe (r = −0.65, p < 0.001), which survived Bonferroni correction for multiple comparisons (p=0.04) (see Supplementary file 3).
Regional tau was negatively associated with GMV mainly in adjacent or neighboring regions (i.e. Within-Lobe), whereas regional Aβ was mostly associated with more distant GMR (i.e. Between-Lobes) (Fig. 4, Table 4 ). The higher proportion of Within-Lobe correlations with GMV z-scores for 18 F-AV1451 SUVR z-scores and Between-Lobes correlations for 11 C-PiB DVR z-scores was confirmed by a Fisher's exact test (p=1.41e−06). The majority of negative tau effects on adjacent regional volumes were observed within the frontal and occipital lobes (Fig. 4, Table 4 ). Aβ burden was mostly associated with GMV in distant regions, with a prominent association between Aβ uptake in several Values are shown as mean(std). p-Values refer to either Welch's t-test or to a Wilcoxon rank sum test in case of non-normality (marked with #) of the value distribution for at least one of the two groups. Legend: HC = healthy controls, ACC = anterior cingulate cortex, PCC = posterior cingulate cortex, IFG = inferior frontal gyrus, MFG = middle frontal gyrus, OFC = orbitofrontal cortex, SFG = superior frontal gyrus, LOC = lateral occipital cortex, medOC = medial occipital cortex, IPL = inferior parietal lobule, SPL = superior parietal lobule, Prec = precuneus, LTC = lateral temporal cortex, medTL = medial temporal lobe. Bold scores are significant (p < 0.05).
frontal regions and regional gray matter volumes in parietal, temporal and occipital regions. At a statistical threshold of p < 0.001 uncorrected, this effect was predominantly expressed in the right hemisphere (Fig. 4, Table 4 ). A minority of inter-regional significant correlations occurred in the opposite direction, i.e. elevated tracer uptake in a region being associated with increasing volume in a distant region. This was found for N = 4/31 distant GMV regional associations of 18 F-AV1451 and for N = 5/23 for 11 C-PiB. All these positive associations were between-lobes or inter-hemispheric, thus possibly reflecting partial volume effects (Fig. 4, Table 4 ). Aβ and tau accumulation showed significant inter-regional positive correlations (p < 0.001 uncorrected) in parieto-occipital regions. Right superior parietal, left precuneus, right lingual and lateral occipital and right parahippocampal Aβ was associated with tau accumulation in bilateral peri-calcarine, lingual gyrus, cuneus and right lateral occipital areas (Fig. 4, Table 4 ). However, no regression model using distant inter-modal correlations survived Bonferroni multiple comparisons correction, even at the metaROI level.
When examining intra-modality correlations, Aβ accumulation showed the most homogeneous inter-regional distribution, followed by tau accumulation and finally GMR. Out of a total of 2520 region-to-region combinations, 53% were significant (p < 0.001) for 11 C-PiB DVR zscores (mean ± sd partial r = 0.71 ± 0.09), 28% were significant for 18 F-AV1451 SUVR z-scores (mean ± sd 0.72 ± 0.11) and 6% were significant for GMV z-scores (mean ± sd 0.66 ± 0.06) (Fig. 5 ).
11
C-PiB DVR z-scores and 18 F-AV1451 SUVR z-scores showed significant correlations between each region and the homologous contralateral region. GMVs showed a similar but more restricted pattern (Fig. 5) .
Discussion
The mechanisms underlying the relationship between misfolded protein accumulation and neurodegeneration in AD are currently the focus of intense research (Herrup, 2015; Musiek and Holtzman, 2015) . The complexity of this interplay is compounded by their interactions along at least two key conceptual axes, time and space. Regarding time, amyloid accumulation seems to begin decades before clinically apparent cognitive decline, whereas neurodegeneration seems to be temporally linked to clinical symptoms . Neocortical tau aggregation is likely occurring in between these events, interfering with local neuronal integrity and ultimately driving neurodegeneration. Regarding space, the relationships between amyloid, tau and neurodegeneration are likely to vary by both disease stage and brain region (La Joie et al., 2012) . Amyloid accumulation appears to originate early on as a multi-focal process throughout large regions of association neocortex, perhaps due to shared vulnerability properties (discussed below). Neurodegeneration seems to follow later, emanating from few initial epicenters and followed by a predictable pattern of progression along inter-connected brain regions (Seeley et al., 2009; Zhou et al., 2012) . Tau accumulation seems to act as a mediator, preceding and driving breakdown of specific neural circuits.
Several recent studies investigated the relationships between tau, Aβ and neurodegeneration in vivo, mostly at the preclinical or earliest clinical (mild cognitive impairment, MCI) stages of the disease, either considering global Aβ burden Johnson et al., 2016; Cho et al., 2016a; Hanseeuw et al., 2017) or evaluating voxel-level/ regional relationships (Chiotis et al., 2016; Sepulcre et al., 2016; Brier et al., 2016; Bischof et al., 2016; Lockhart et al., 2017) . The latter studies investigated multimodal associations in 88 HC , 46 older HC , a mixed cohort of 36 HC and 10 mild AD (Brier et al., 2016) , a mixed cohort of 11 prodromal AD and 9 AD dementia (Chiotis et al., 2016) , and 10 patients with AD dementia (Bischof et al., 2016) . Our study builds on and extends previous work by studying these relationships specifically in 30 mild AD dementia patients, a distinct "moment" in the time and space of disease evolution (Table 1) . At the early stages of dementia, Aβ is elevated throughout the association neocortex, tau is elevated in temporoparietal cortices but also extends into lateral occipital and dorsolateral prefrontal regions, and atrophy is significant in temporoparietal regions. The tau distribution in Aβ positive HC seems to presage the known AD-related temporo-parietal neurodegeneration , whereas in mild AD dementia it appears to presage the expected progression of neurodegeneration from temporoparietal into occipital and lateral prefrontal regions known to be involved in clinically advanced disease stages (Kim et al., 2005; McDonald et al., 2009) . Our results are consistent with this proposed disease cascade, by showing that tau distribution overlapped with and exceeded GMR in the mild-AD sample. While it is tempting to speculate that tau spreading precedes future neurodegeneration, future longitudinal studies will be needed to fully test this inference.
Conversely, Aβ is elevated in regions relatively spared by atrophy even in late stages, such as medial prefrontal cortex (La Joie et al., 2012) . The early pattern and spread of Aβ deposition is initially distinct from tau and atrophy, eventually converging in posterior cortices as tau and neurodegeneration spread into these regions.
Consistent with the hypothesis that tau aggregation is linked to neurodegeneration, we found local negative correlations between 18 F-AV1451 retention and GMV, peaking in occipital areas and particularly in the right lingual gyrus, a region involved relatively early in Braak staging of NFT pathology (Braak III, Braak et al., 2006) . A similar finding was reported in a previous study investigating regional relationships between 18 F-AV1451 and 18 F-FDG-PET SUVR z-scores (Bischof et al., 2016) . Of note and consistent with the present study, the authors found peak significant association between tau accumulation and neurodegeneration within occipital regions. Notwithstanding, they also describe significant correlations within parietal, temporal and frontal regions, which were weaker in the present study (Bischof et al., 2016) . Different sample compositions and the adoption of 18 F-FDG-PET are likely to account for these slight discordances. ROI analyses revealed additional associations between regional tau and adjacent GMR, especially within frontal and occipital lobes. These findings may indicate that, in our cohort, relationships between tau and neurodegeneration may be approaching a plateau in temporoparietal regions where tau aggregation is highest and neurodegeneration is already advanced, whereas correlations are more readily detectable in frontal and occipital regions, where atrophy is likely to be more dynamic at this disease stage.
We did not find local associations between 11 C-PiB and GMV. These findings add to previous studies showing lack of cross-sectional regional relationships between Aβ and neurodegeneration (Rabinovici et al., 2010; Lehmann et al., 2013; Altmann et al., 2015; Ossenkoppele et al., 2016; Bischof et al., 2016; Xia et al., 2017; Hanseeuw et al., 2017) , though other studies have reported some association, particularly in early disease stages (Cohen et al., 2009; Ossenkoppele et al., 2012; Lowe et al., 2014) . ROI analyses highlighted several distant associations between Aβ burden and GMR. Most of the effect was driven by frontal Aβ correlating with temporoparietal GMR (Fig. 4, Table 4 ). Previous studies have described remote effects of Aβ on neurodegeneration (Laforce et al., 2014; Klupp et al., 2015) . Aβ in frontal regions (as well as temporal and parietal areas) was associated with widespread atrophy in previous studies employing 11 C-PiB, 18 F-AV1451, and MRI data in HC Lockhart et al., 2017) . These correlations may represent remote effects of Aβ via ongoing deafferentation (Bourgeat et al., 2010) or by triggering or accelerating tau aggregation in postsynaptic neurons connected by long-range white matter tracts, with tau mediating neurodegeneration. It is also possible that Aβ may have more local relationships with neurodegeneration at earlier disease stages (Chételat et al., 2010; Lowe et al., 2014) , while tau effects predominate in a mild AD dementia cohort. Tau accumulation in our cohort was locally associated with Aβ burden in frontal, parietal and occipital regions (Fig. 3) . These results partly differ in topography from those reported in HC and earlier mixed clinical cohorts, which found peak correlations between Aβ (local and distal) and tau in temporoparietal regions (Brier et al., 2016; Chiotis et al., 2016; Sepulcre et al., 2016; Lockhart et al., 2017; Vemuri et al., 2017) . The local Aβ-tau relationships were stronger in HC or in samples mostly composed of HC (Brier et al., 2016; Sepulcre et al., 2016; Lockhart et al., 2017; Vemuri et al., 2017) and less pronounced in MCI and AD dementia patients (Chiotis et al., 2016) . By studying these relationships in a larger cohort of 30 patients with mild AD dementia, avoiding inclusion of HCs in the model, our study provides unique evidence corroborating the claim of tighter Aβ-tau associations in preclinical and prodromal clinical stages, weakening throughout disease progression. If amyloid and tau aggregation can be approximated by parallel, phase-shifted sigmoid curves , it stands to reason that different brain regions are captured at different time frames on these curves in a single cohort. In preclinical AD, these relationships may be strongest in temporal regions as tau spreads from medial to lateral temporal cortex Lockhart et al., 2017; Vemuri et al., 2017) whereas, in our mild AD dementia cohort, these curves may be more tightly linked in regions of advancing tau pathology in fronto-parieto-occipital cortices. While the spread of tau seems to be dependent on the co-occurrence of neocortical β-amyloid, the directionality and molecular mechanisms linking these two processes are incompletely understood. The presence of amyloid in the post-synaptic portion of the hippocampal circuit (i.e. posterior cingulate cortex) may trigger a transformation of tau aggregate templating in the medial temporal lobe from a relatively indolent, age-associated process to a truly pathogenic process heralding cortical spread and ultimately clinical AD . Conversely, it has been suggested that Aβ plaques may develop in areas which receive projections from NFT-positive neurons, postulating a molecular association between presynaptic intracellular NFT and post-synaptic Aβ plaques (Ittner and Götz, 2011; Krstic and Knuesel, 2012; Duyckaerts et al., 2015; Musiek and Holtzman, 2015) . Our cross-sectional data are consistent with either directionality of the Aβ-tau relationship.
In our study Aβ was the most regionally homogeneous biomarker, consistent with previous findings Cho et al., 2016a) . This indicates that Aβ is likely to accumulate uniformly throughout large regions of association cortex (Villeneuve et al., 2015) , especially in regions that are reciprocally functionally connected (Buckner et al., 2005) . The peaks of Aβ spread have been hypothesized to share high metabolic demand or aerobic glycolysis (Buckner et al., 2005; Vlassenko et al., 2010) , as well as "hubness" or a high number of functional connections with the rest of the brain (Buckner et al., 2009) , perhaps leading to shared susceptibility to Aβ aggregation. Regional tau distribution correlated within adjacent/connected regions. This supports the notion that tau originates in specific vulnerable loci, then advances to other brain regions possibly following trans-synaptic spread along functional connections (Wang and Mandelkow, 2016) . GMV reduction showed a similar but more restricted intra-modality correlation pattern compared to tau, consistent with a model in which neurodegeneration follows the spread of tau Ossenkoppele et al., 2015a; Mattsson et al., 2016) .
Our study has limitations. The studied AD patients were clinically heterogeneous. Clinical presentation in AD has been linked to regionspecific differences in tau accumulation Dronse et al., 2017; Xia et al., 2017) . Our permutation analyses, however, suggest that our findings were not driven by outliers. The HC group was relatively small and significantly older than the patients, and the single-subject z-maps computed based on the HCs were used for all the multimodal analyses. However, older age would minimize differences between AD patients and controls. Furthermore, our controls were all amyloid-negative, and the focus of our analysis does not rely on the composition of the control group. The cross-sectional design of this study relates the findings to a sample-specific disease stage. Longitudinal studies will be needed to investigate the dynamic relationships between Aβ, tau and neurodegeneration across the AD continuum. Lastly, intra-and inter-modality regional analyses were not corrected for multiple comparisons. We applied p < 0.001 as statistical threshold, in keeping with the voxel-based BPM approach, to identify reasonably robust and biologically plausible associations, balancing type-I and type-II errors. However, other than the negative effect of tau on GMV in medial occipital regions, our results did not survive Bonferroni correction for multiple comparisons and should thus be interpreted with caution.
In summary, our findings highlight that, in mild AD dementia, tau distribution spatially overlapped with and exceeded GMR in regions predicted to degenerate later in the disease course, whereas Aβ was regionally homogeneous and elevated across association neocortex. Tau showed a local link with GMR irrespective of Aβ burden, whereas Aβ effects were more distant and possibly tau-mediated. The two proteinopathies showed modest local and distal correlations compared with stronger correlations reported in earlier disease stages, suggesting that their interaction may weaken with disease progression. Finally, the relationship between tau spread and neurodegeneration reported in this and other studies suggests that therapeutic interventions aimed at slowing or curtailing the spread of tau could modify the rate of neurodegeneration and clinical progression (Yanamandra et al., 2013; Sperling et al., 2014; Pedersen and Sigurdsson, 2015) .
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.nicl.2017.09.016.
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